Super-lattices consisting of alternating layers of crystalline Si and porous amorphous Si, -,Ge, have been fabricated. This is accomplished by first growing a Si/Si,,Ge0,3 superlattice by molecular beam epitaxy, followed by Ar-ion milling to form mesa structures, and finally by immersion in HF:HN03:H,0.
Silicon-based electronic devices and integrated circuits are in widespread use, but Si-based devices have only been able to fill niches in photonic technology. For photonic and other applications, the ability to synthesize Si-based materials with new optical, photonic, and electronic properties is desired. One well-studied but largely unsuccessful approach is the epitaxial growth of Si/Si,-,Ge, and Si/Ge superlattices, with the specific goal of achieving a quasidirect band gap through folding of the Brillouin zones. ' Other Si-based superlattice and multilayer structures which have been investigated include Si/Si,-,Cz and Si/ CoSiF3 Due to dissimilarities in crystal structure and surface and interface energies, the crystalline quality of metalsilicide/silicon multilayer structures grown to date has been relatively poor. No Si-based superlattices have exhibited exciting new superlattice properties (based on wavefunction overlap) to date, suggesting that new classes of structures may be required. In addition to new superlattice structures, new heterojunction materials for use with Si are desired. Crystalline Si/Si, -,Ge, heterojunctions are limited by the relatively large lattice mismatch and small conduction-band discontinuity.4 Larger conduction-band discontinuities could find applications in such Si-based devices as resonant-tunneling diodes,5 modulation-doped field-effect transistors,4 and quantum-well infrared photodetectors.6
The recent report of visible light emission from porous Si' has stimulated interest in this material as well as nanocrystalline Si in general. Porous Si is usually formed by anodic etching of Si in aqueous HF, resulting in thick porous Si layers on Si substrates. Simple immersion of Si wafers in "stain etches," most commonly HF:HNOs:H,O, also yields light-emitting porous Si.8 In contrast to many of the reports on anodically produced porous Si, these films show no evidence of crystallinity.8-'0 Anodic etching has also been applied to thick Sios5Gee15 epitaxial films, also resulting in a light-emitting porous layer." In this letter, we report a high selectivity in the conversion of thin epitaxial Sio,,Gee3 layers to porous material relative to the conversion of Si layers in stain etches. This has allowed the fabrication of superlattices consisting of alternating layers of crystalline Si and porous amorphous Sit -,Ge,.
All of the samples used in this study were grown on 2-m diam l-3 Cn cm n-type (lOO)-oriented Si wafers. The 'substrates were chemically cleaned ex situ, leaving a protective oxide which was removed with a HEethanol solution in a dry-nitrogen glove box on the same day as the growth. A Riber EVA 320 molecular beam epitaxy (MBE) system was used for the growth experiments, in which Si and Ge are evaporated from separate electronbeam sources. Buffer layers of Si 50 nm thick were grown on the Si substrates prior to the growth of Si/Sii-,Ge, multilayer structures. Two structures were examined, the first consisting of 10 periods of 30-nm thick Si layers alternating with 5-nm thick Sio.7Geo,3 layers, and a second consisting of 50-nm thick Si layers alternating with Sie7Gec3 layers of 1, 2.5, 20, and 50 nm thickness. Both structures are below the critical thickness for introduction of misfit dislocations, so that all of the Si, -,Ge, layers are pseudomorphically strained, as verified by the lack of misfit dislocations in observations in an ABT 002B transmission electron microscope (TEM). The alloy composition was verified by determining the strain tensor of one of the alloy layers using convergent-beam diffractioni in the TEM.
After removal from the MBE system, l-pm tall mesas were etched by Ar ion milling using Al as a milling mask. The Al layer was first patterned into a series of lines of varying width. After milling, the Al was stripped and the wafers were immersed in a solution of HF:HNOs:H,O (4: 1:4) for 45 s. TEM specimens were then prepared by conventional techniques, with the cross section cut perpendicular to the series of lines. In addition, a single thick Sio,,Ges;,, layer was grown on a separate wafer and immersed in the stain solution. X-ray photoelectron spectroscopy (XPS) and photoluminescence (PL) measurements were carried out on this sample.
Examination of the samples after stain etching reveals that the conversion to porous material occurs to a much greater lateral extent in the Sio,Gec3 layers than in the Si layers. In fact, these layers are made porous all of the way through for the narrowest mesas, as shown in Fig. 1 . These porous layers are not appreciably wider than the original 5-nm thick Si0.7Ge0,3 layers, as seen in Fig. 2 , which shows the end of the etched channels from a wide mesa. The FIG. 1. Cross-sectional TEM image of a lo-period superlattice consisting of alternating layers of crystalline Si (c-Si) and porous-amorphous Si, -,Ge, (a-SiGe) . A mesa structure was fabricated by Ar-ion milling of a sample with alternating layers of 30 nm of Si and 5 nm of S&Gee,. The sample has been stain etched, and the resulting porous Si,-,Ge, layers appear lighter than the crystalline Si. In narrow mesas such as this one, the lateral extent of the pore formation was sufficient to fully convert the alloy layers to porous material. lateral extend of the porous channels varies with position in the superlattice, also seen in Fig. 2 . The amorphous nature of the porous layers is demonstrated in the lattice images of Fig. 3 , and also by convergent-beam electron diffraction patterns of these areas.
In the sample with varying alloy layer thicknesses, the lateral extent of the porous channel is seen to vary with Si0.,Gec3 layer thickness (Fig. 4) . The 20-nm thick layers etch further than 1, 2.5, or 50-nm thick layers, and this is observed in all mesas examined. In addition, unlike the 5-nm thick Si0,Gec3 layer, the porous layers formed from the 1 and 3.5-nm thick layers do appear wider than the original layers. After etching, the thickness of the originally 1-nm thick layer is increased to 4 nm.
Apart from TEM imaging and convergent beam diffraction, we have no direct characterization of the thin SiO,Geo, layers after stain etching. However, the sample with a thick single Sio.,Ge,-,s layer was stain etched in the same manner and examined with XPS and PL. XPS indicates that the Ge content of the film increases to 96% following etching, suggesting selective removal of the Si. This etched film does not emit visible light to the naked eye under ultraviolet radiation, in contrast to bare Si wafers. PL measurements also show no luminescence in the range 0.5-0.9 pm at room temperature. This is in contrast to reports on anodically etched Sio,s5GeeiS epitaxial layers, which exhibit luminescence comparable in intensity to that observed for porous Si." Detailed characterization of stain-etched thick Si i+Ge, layers will be published elsewhere.
The mechanism responsible for the high degree of se- lectivity in etching Sie7Ge0., layers over Si layers is not fully understood at this time. Krist et al. l3 have reported selective removal of Si,,Ge,,, layers in HF:HNO,:H,O with a 5:40:30 composition. However, the rate was only 13 times faster for the SioaGec3 layer than for Si, considerably less selectivity than found in the present case. They attribute the selectivity to enhanced oxidation of Si,_,Ge, alloys compared to pure Si. Variations in lateral extent of etching with position in the superlattice, revealed in both Figs. 2 and 4 strongly suggest that strain also plays an important role in the etch selectivity. As each layer is converted to porous material, localized strain relief will occur due to the spongelike nature of the porous structure. The extent of strain relief will be limited at the top and bottom of the superlattice due to the thick Si regions maintaining the bulk-% lattice parameter at either end. As a result, strain energy stored in the alloy layers will decrease most markedly in layers closer to the center of the superlattice. That the lateral extent of the pore formation is smaller in these layers suggests that strain energy is enhancing the etch selectivity.
Similarly, in the sample with varying alloy layer thickness, the relatively thin Si cap on the surface allows the top (50-nm thick) alloy layer to relax more than the 20-nm thick layer (which is still strongly coupled to the substrate), reducing the etch selectivity. The reduced penetration for the thin layers could be due to difficulty in transporting reactants through narrow channels. The profile for the extent of lateral etching seen in Fig. 4 is thus determined by these two effects.
The high etch selectivity observed here could therefore be explained as a combination of the chemical selectivity of Si, -,Ge, over Si and the selective attack of strained layers. In order to better understand the etching mechanism and to optimize the selectivity, the dependencies of etch selectivity on alloy composition, strain, and doping need to be studied as well.
The electrical and optical properties of these novel superlattice structures have not been probed yet. Because the optical properties of porous Si,-,Ge, are quite different from those of crystalline Si, superlattices with interesting optical properties may be realizable. These thin porous layers sandwiched by crystalline Si may also allow better control of current injection into high-porosity material than the simple metallic contacts used in early electroluminescent porous-Si structures14 or the thick porous layers used in other sandwich structures." The role of quantum confinement in light emission from porous Si is a topic of intense debate. The ability to confine an entire porous layer to quantum-confinement dimensions in one direction may allow clarification of this issue. Finally, it may be possible to convert the porous layers to different materials by diffusing gaseous reactants through the pores (for example, oxygen). Such processes may yield additional Si-based superlattice and heterojunction systems.
In summary, superlattices consisting of alternating layers of crystalline Si and porous amorphous Si,-,Ge, have been fabricated. This is accomplished by immersing mesa structures of epitaxial Si/Si,,7Ge,-,3-superlattices in stain etches, and relies on a high selectivity in the conversion of the alloy layers to porous material. Porous S&Gee3 layers as thin as 4 nm have been demonstrated. Analysis of thick Sic7Ge0,3 layers subjected to stain etches suggest that the layers become Ge rich during the etching process.
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